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Abstract 

The chemical conversion of waste plastic polymers to useful commodity chemicals has become crucial 

to helping tackle the issue of global plastic waste today. Polyolefins maintain the highest production 

rate and lowest recycling rate worldwide due to their inert chemical structures. This work shows the 

synthesis of solid-solution Fe-CeO2 catalyst as an excellent heterogeneous catalyst for Fenton-type 

oxidative degradation of low-density polyethylene to achieve high yields of organic acids. The catalyst 

was synthesized in 3 molar ratios of Fe:Ce and it was found that the molar ratio of iron and cerium 

was crucial for catalytic performance with the Fe-CeO2 1:1 catalyst giving the highest yields of acid 

products. The catalyst achieved 91 % mass loss and 71 % organic acid at pH 7, with 1 wt. % catalyst 

loading. The use of a multi-metal Fenton system resulted in a synergistic effect, displaying superior 

activity to systems with only one Fenton active metal. The heterogeneous nature of the catalyst this 

allowed for easy recovery and demonstrated excellent recyclability in multiple cycles. The high 

recyclability performance was attributed to the stability of the solid solution structure. 

Keywords: heterogeneous catalysis, Fenton oxidation, solid solution catalyst, CeO2, nanocatalysis, 

chemical recycling, oxidative degradation, low density polyethylene. 



 

1. Introduc�on  

 

Our over reliance on single-use plas�cs has become apparent by the ever-increasing produc�on rates 

worldwide and uncontrollable accumula�on of plas�cs in our environment. Today, we produce about 

400 million tonnes of plas�c waste annually with this figure projected to reach 1.1 billion tonnes in 

2050.1-3 A report in 2022 stated that only 9 % of plas�c is recycled globally, while the rest is mismanaged 

(22 %), sent to landfill (49 %) or incinerated (19 %).2 As a result of this, the use of chemical recycling to 

convert waste plas�c into useful chemicals has gained huge trac�on in the world of research today. 

Many literature reports have shown methods of depolymerizing polymer plas�cs into useful 

monomers or commodity chemicals for use as feedstock in pharmaceu�cal, cosme�c or industrial 

fields.4-7 

Chemical recycling of condensa�on polymers such as polyesters, polyamides and polycarbonates8-10 to 

produce monomers and commodity chemicals has been widely researched. In contrast, chemical 

recycling of polyolefins such as low-density polyethylene (LDPE), linear low-density polyethylene 

(LLDPE) and high density polyethylene (HDPE) remain highly challenging due to the inert nature of 

their structures and the lack of polar func�onal groups along linear alkane chains.11 LDPE has the 

highest primary waste genera�on out of all synthe�c polymer plas�cs owing to its high produc�on rate 

as a versa�le polyolefin.12 This high produc�on rate is not met with equal recycling efforts, however, 

as only 3 % of recycled plas�c worldwide is LDPE shown in Supplementary Informa�on Figure S1. This 

is the lowest recycling rate of all other plas�c polymers.13 Alterna�ve recycling efforts currently in place 

for polyolefins mainly involve high energy processes such as pyrolysis, gasifica�on and 

hydrocracking.14-16  

In more recent years, oxida�ve degrada�on processes have atracted growing interest as degrada�on 

pathways for polyolefins. The photocataly�c oxida�on of polystyrene has been shown to produce 

aroma�c oxygenates using graphi�c carbon nitride17 and FeCl3
18. In contrast, the more stable 

polyolefins such as PE require reac�ve or ac�vated oxygen species to convert C-C polymers into small 



oxygenated molecules.19 Controlled thermolysis can produce longer chain faty acids that can then be 

oxidized over manganese catalysts to produce valuable surfactants.20 Microwave-assisted oxida�ve 

degrada�on of PE in nitric acid solu�ons yields dicarboxylic acid products, which are valuable for the 

produc�on of polyesters and amides.21, 22, The use of nitric acid as a reac�on media introduces 

undesirable side products such as NOx  gases and amine/amide degrada�on products.21   

Fenton and Fenton-like advanced oxida�on processes are well studied for environmental applica�ons 

such as the destruc�on of a wide variety of organic pollutants, and contaminants23, 24 Tradi�onally, 

Fenton’s reagent involves the ac�va�on of H2O2 in the presence of Fe2+ and Fe3+ ions to produce 

hydroxy (HO•) and hydroperoxyl (HO2
•) radicals, which act as non-selec�ve oxidants.25 As the Fenton 

reac�on takes place in aqueous medium without the need for hazardous or environmentally damaging 

organic solvents, it is a green and favourable oxida�on process. Fenton oxida�on can be a 

homogeneous (typically metal salts) or a heterogeneous process. Heterogeneous Fenton catalysts 

reported in the literature include iron oxides26 and mixed metal oxides27 as well as iron-based catalysts 

loaded on materials such as zeolites28 and graphene oxide29. Heterogeneous Fenton-type catalysts 

have many benefits over homogeneous Fenton catalysts as they o�en can be used at a wider pH range, 

prevent iron sludge forma�on and can be more easily recovered which means they have the poten�al 

to be recycled.30  

Fenton degrada�on has been reported in the literature for the oxida�ve degrada�on of microplas�cs 

(MP), where the aim is total destruc�on of the plas�cs to gaseous products rather than conversion to 

commodity chemicals.31 Hu et al.32 reported 96 % weight loss MPs in 16 h at a pH of ~1  using a 

homogeneous Fe2+ salt (4 mM) with 1 gL-1 MPs. Another group33 reported reac�on �mes of 7.5 h for 

MP degrada�on at a pH of 3 also using a homogeneous  Fe3+ salt added at con�nual doses (5 doses of 

750 mgL-1 1 every 1.5 h) with 20 mgL-1 of MPs. Morẑar et al.34 also reported the degrada�on of MPs 

using homogeneous Fe2+ at loadings of 10-12 wt. % with an op�mal reac�on pH of 3 but the reac�on 

did not proceed in the absence of UV light for LDPE due to its structural stability, a common challenge 

encountered for LDPE. 

Commonly, the efficiency of chemical plas�c recycling is expressed in terms of the mass reten�on or 

diameter reduc�on, a measure that focuses only on whether the plas�c waste is sufficiently degraded, 

rather than the products formed. 32, 34 The oxida�on products are primarily short chain dicarboxylic 

acids which can be used as precursors to produce polymers and biopolymers and therefore 

depolymerisa�on protocols to maximize the yield of organic acids are hugely beneficial. 

To overcome the inert nature of PE, a chemical pre-treatment with H2SO4 prior to Fenton degrada�on 

has been used to improve its hydrophilicity, followed by gra�ing of Fe3+ ions to the polymer. 35, 36 The 



chemical pre-treatment enables milder reac�on condi�ons and short reac�on �me but also results in 

the forma�on of undesirable sulfonated by-products. One interes�ng approach to overcome the 

chemical inertness of PE is mechano-cataly�c oxida�ve cracking of PE to yield shorter alkane fragments 

as well as CO, CO2, O2, and H2O as by-products, illustra�ng the diversity of the Fenton-type of 

chemistry for plas�c degrada�on.37 There is a gap in the literature for heterogeneous Fenton catalysts 

for LDPE degrada�on that require a low loading, no pretreatment, can be used at neutral pH, and can 

be tailored to produce useful acid products without over-oxida�on to gaseous products. 

While Fe is the tradi�onal Fenton metal, the literature has been expanding to report many other redox 

ac�ve metals as excellent Fenton catalysts.38 The incorpora�on of a second Fenton-ac�ve metal with 

Fe in mixed metal oxide systems has been widely reported to exhibit a strong synergis�c effect.39-42 

CeO2 is widely accepted as an excellent catalyst for many applica�ons owing to its’ ability to redox 

cycle between 3+ and 4+ states, resul�ng in high capacity for oxygen storage.43, 44 These proper�es also 

make it an excellent Fenton catalyst, and it has been reported for use in organic pollutant 

degrada�on.26 Commonly, CeO2 is coupled with another metal typically by doping which results in the 

forma�on of oxygen vacancies, further improving cataly�c ac�vity.45 Fe doped CeO2 is a commonly 

reported catalyst for Fenton organic pollutant degrada�on46, 47 owing to its stability, high surface area, 

reac�vity, reusability and oxygen mobility.48, 49 The dissolu�on of Fe in a larger crystal structure such 

as CeO2 can create a superior Fenton-type catalyst as it can prevent precipita�on and accumula�on of 

soluble Fe sludge. Addi�onally, a synergis�c effect is reported for iron/cerium complexes as Fenton 

catalysts.47 

Microwave-assisted hea�ng has proven to be beneficial for Fenton-type reac�ons by s�mula�ng the 

redox cycle of metal ions. 50, 51 Microwaves can penetrate directly through a sample, forming hot spots 

on more polar or conduc�ve species in a mixture.52 In this case, Fe-doped ceria is an excellent 

microwave absorbing catalyst, meaning hot spots will be present on the catalyst surface improving 

reac�on efficiency. Microwave assisted depolymerisa�on has also become popular for plas�c 

degrada�on due to increased energy efficiency compared to conven�onal thermal hea�ng.53 

This work reports the synthesis of an Fe-CeO2 solid solu�on as a catalyst for the microwave-assisted 

Fenton oxida�ve degrada�on of LDPE. The catalyst was characterised by XRD, Raman, XPS, FTIR, TXRF, 

SEM, TEM and EDX. The aim of this work is to maximise the yield of mono and dicarboxylic acids 

formed from LDPE oxida�ve degrada�on. Addi�onally, the catalyst was effec�ve at low loadings (1 wt. 

%), at neutral pH and showed excellent recyclability over 6 cycles. To our knowledge, this is the first 

use of an Fe-CeO2 solid solu�on recyclable heterogeneous catalyst for the Fenton oxida�on of 

polyethylene under neutral pH.   



Experimental Sec�on 

Experimental details including catalyst synthesis and characterisa�on, Fenton oxida�on procedure and 

product analysis can be found in the Supplementary Informa�on. 

 

2. Results and Discussion  

 

2.1 Synthesis & Characterisa�on of Fe-CeO2 Catalyst 

The Fe-CeO2 solid solu�on catalysts were synthesized by co-precipita�on method (see experimental 

sec�on for details). Figure 1 a) shows the Raman spectra collected for CeO2, Fe2O3 and the Fe-CeO2 

composites made in 3 different molar ra�os: 1:2, 1:1 and 2:1.  The strong band arising at 468 cm-1 for 

the bare CeO2 was assigned to the F2g Raman mode of fluorite cubic ceria.48, 54 Broadening of this band 

and a decrease in intensity was observed with increasing Fe content, indica�ve of Fe-Ce interac�on in 

the doped systems. A notable shi� of the fluorite peak to lower wavenumbers along with this decrease 

in intensity shows a decrease in the CeO2 crystallite size likely due to the dissolu�on of Fe3+ ions 

throughout the CeO2 la�ce and forma�on of a solid solu�on. Broadening of the F2g mode was also 

atributed to the presence of la�ce defects.55, 56 The modes at 227, 298, 404, 497 and 611 cm-1 were 

assigned to the A1g or Eg modes of α-Fe2O3 and were only observed in the Fe2O3 and the Fe-CeO2 2:1 

catalyst due to satura�on of the ceria la�ce and forma�on of Fe2O3 on the catalyst surface. The 

absence of these peaks in the Fe-CeO2 catalysts with a molar ra�o of 1:2 and 1:1, is indica�ve of solid 

solu�on forma�on. The weaker intensity of the Fe2O3 Raman bands compared to those of CeO2 were 

atributed to differences in crystallinity or par�cle size of the phases present56, but have also been 

reported due to the strong absorbance of Fe2O3 in this region of the Raman spectrum.55, 57  

The XRD paterns of the catalysts shown in Figure 1 b) supports Raman analysis on forma�on of a solid 

solu�on. The diffrac�on peaks at 28.4, 32.9, 47.3, 56.2, 59.1, 69.3, 76.7 and 79.0° in 2θ were assigned 

to the (111), (200), (220), (311), (222) and (400) la�ce planes of CeO2 with a cubic fluorite (Fm m) 

crystal structure, respec�vely (JCPDS 65-5923). The presence of these peaks in the XRD patern of 

each of the three solid solu�ons shows the preserva�on of the cubic fluorite CeO2 structure on 

addi�on of the Fe3+. Furthermore, the broadening and decreased intensity of the CeO2 peaks in the 

solid solu�ons is commonly atributed to the shrinking of the overall la�ce size on replacement of the 

larger Ce4+ ions with smaller Fe3+ ions. The iron oxide showed peaks at 21.1, 33.1, 36.5, 41.1, 50.3, 

53.0, 58.9 and 61.2 ° in 2θ, are assigned to the (012), (104), (110), (113), (024), (116), and (018) la�ce 



planes of α-Fe2O3 (JCPDS 33-0664) in agreement with the literature.58 These peaks are not  observed 

in the Fe-CeO2 catalysts with molar ra�os of 1:1 and 1:2, consistent with the forma�on of a solid 

solu�on.59 The CeO2 crystallite size was also es�mated using the Scherrer equa�on60 in Figure S2 (see 

Supplimentary Informa�on)  showing a decrease in size from 18 nm in the bare CeO2 to 4.8 nm for the 

1:2 catalyst, 2.9 nm for the 1:1  catalyst and 2.7 for the 2:1 catalyst. The decrease in crystallite size on 

addi�on of Fe to the CeO2 la�ce structure is to be expected as inclusion of smaller Fe ions into the 

CeO2 la�ce will shrink the overall la�ce size. A small decrease in crystallite size was seen between the 

Fe-CeO2 1:1 and Fe-CeO2 2:1 catalysts due to the CeO2 la�ce becoming saturated with Fe ions and 

the crystallite size only slightly decreases as the excess iron is forming as Fe2O3 rather than being 

further incorporated into the CeO2 la�ce, as also observed in the Raman spectra and XRD paterns. 

FTIR analysis was also carried out on each of the catalysts shown in Supplementary Informa�on Figure 

S3. The broad bands at 440 cm-1 and 525 cm-1 atributed to Fe-O stretching becomes less intense as 

the Fe content decreases in each of the solid solu�ons in excellent agreement with the Raman and 

XRD analysis. The broad band at ~3450 cm-1 was assigned to -OH stretching vibra�ons and is 

characteris�c of adsorbed surface water molecules.61  

 

Figure 1: a) Raman analysis of Fe2O3, CeO2, and Fe-CeO2 solid solu�ons and b) XRD paterns of 

Fe2O3, CeO2, and Fe-CeO2 solid solu�ons. 

 

XPS analysis was used to assess the surface chemistry of the solid solu�ons, specifically the valence 

state of the cerium and iron species in the solid solu�on as well as the oxygen vacancies that were 



present. XPS confirmed that Fe and Ce were present in ra�os of 2:1, 1:1 and 1:2 for each respec�ve 

catalyst and correlated well with other quan�ta�ve analysis on Fe and Ce carried out in this study. The 

survey scan for each catalyst is shown in Supplementary Informa�on Figure S4 and confirmed the 

presence of Fe and Ce within the samples. The Ce 3d region was used to establish the dominant 

oxida�on state of Ce in each of the samples. The Ce 3d XPS spectra for bare CeO2 and each of the solid 

solu�ons, shown in Figure 2 a), were in excellent agreement with Ce 3d XPS spectra for CeO2 in the 

literature62, 63 and showed eight dis�nct peaks all corresponding to either Ce3+ or Ce4+ core levels. The 

peak labels v and u correspond to the spin-orbit doublets of Ce 3d5/2 and Ce 3d3/2, respec�vely.  The 

quan�ta�ve data of Ce4+ and Ce3+ in CeO2 and each of the solid solu�ons was calculated and is shown 

in Figure 2 b). (see Experimental sec�on for further details). 

The peak denoted 𝑢𝑢′′′ is the reported fingerprint peak for Ce4+ Ce 3d3/2 state and was present in all 

samples.64, 65 Addi�onally, the peaks denoted 𝑢𝑢,  𝑢𝑢′′ and 𝑢𝑢′′′, and 𝑣𝑣,  𝑣𝑣′′ and 𝑣𝑣′′′ are the final states of 

the Ce4+ Ce 3d3/2 and Ce 3d5/2, respec�vely. The final states for Ce3+ are expressed as 𝑢𝑢0 and 𝑢𝑢′, and  

𝑣𝑣0 and 𝑣𝑣′, corresponding to the Ce 3d3/2 and Ce 3d5/2, respec�vely.66 The percentage of Ce4+ sites 

dropped from 80 % in the CeO2 sample to 48 %, 56 % and 42 % in the 1:2, 1:1 and 2:1 samples, 

respec�vely, and was atributed to the subs�tu�on of the Ce4+ sites with Fe3+ sites in the CeO2 la�ce 

on forma�on of a solid solu�on. An increase in Ce3+ sites from 20 % in CeO2 to 52 %, 44 % and 58 % in 

the 1:2, 1:1 and 2:1 samples, respec�vely, and was associated with an increase in oxygen vacancies 

within the solid solu�on which have been shown to increase cataly�c ac�vity in CeO2 systems.61 

Furthermore, the presence of Ce3+ and Ce4+ in an almost equal ra�o in the catalyst will help to promote 

Fenton reac�vity as discussed in the cataly�c evalua�on sec�on. 

Figure 2 c) shows the Fe 2p spectra for Fe2O3 and each of the Fe-CeO2 composites. Two dis�nct peaks 

at binding energies of 711.5 eV and 725.3 eV corresponded to Fe 2p3/2 and Fe 2p1/2, respec�vely and 

an addi�onal satellite peak is present at 719.5 eV further confirming the presence of Fe3+
 and were all 

in good agreement with values reported for Fe2O3
67

 and confirmed that surface iron present in the 

samples is in the +3 valence state.68 A shi� of the Fe 2p3/2 peak to lower binding energies was observed 

with decreasing Fe content in the solid solu�on catalysts and was atributed to Fe-Ce interac�ons in 

the solid solu�on catalysts, specifically an increase of electron density occurring with a smaller 

concentra�on of Fe3+ within the la�ce from the 2:1 to 1:2 samples. The Fe 3p spectra, shown in Figure 

S5 a) was in agreement with the literature for Fe2O3
67 and similar to the Fe2p core level, a slight shi� 

to lower binding energies was observed for the solid solu�ons which was also atributed to Fe-Ce 

electronic interac�ons.  



The O1s spectra for the Fe2O3, CeO2, and Fe-CeO2 solid solu�ons are shown in Figure S5 b). The peak 

at a BE of ~529 eV for each of the samples was assigned to the metal-oxygen (M-O) or O2- species 

within the structure. The peak at a higher binding energy of ~531 eV is assigned to oxygen defects, 

commonly reported for transi�on metal oxide species and are indica�ve of regions where the 

coordina�on number of O is smaller than in regular sites.69 The forma�on of oxygen defects within the 

la�ce structure as well as an increase in Ce3+ sites is atributed to the reduc�on of par�cle size on 

incorpora�on of Fe into the CeO2 la�ce and can contribute to enhanced oxygen mobility or improved 

redox proper�es of the catalyst.46 A third peak arising at ~533 eV was assigned to surface hydroxides 

which may arise from water adsorp�on and is in agreement with the literature.70  

 

 

Figure 2: a) Ce 3d core level XPS spectrum for CeO2 and the Fe-CeO2 solid solu�ons b) quan�ta�ve 

data from the Ce3d core level scans and c) Fe 2p core level XPS spectrum for Fe2O3 and the Fe-CeO2 

solid solu�ons. 



SEM was used to assess the morphology of the Fe-CeO2 solid solu�on catalysts as shown in Figure 3 

a)-c) showing needle-like nanostructures. Ceria nanorods have been reported to have superior 

cataly�c proper�es for water-gas shi� reac�on over other ceria morphologies owing to a higher la�ce 

strain resul�ng in increased oxygen vacancies.71 Another study reported ceria nanorods to have higher 

Ce3+ content leading to increased oxygen vacancies and therefore enhanced ac�vity for the 

hydrogena�on of cinnemaldehyde.72 EDX analysis of the Fe-CeO2 1:1 catalyst is shown in Figure 3 d) 

and illustrates an even dispersion of Fe and Ce throughout the sample. Further EDX mapping was 

carried out using HAADF-STEM for the Fe-CeO2 2:1, 1:1 and 1:2 catalysts which is shown in the 

Supplementary Informa�on Figure S6. The EDX maps show the Fe is uniformly dispersed in catalysts 

with a Fe-CeO2 molar ra�o of 1:1 and 1:2, while the catalyst with molar ra�o 2:1 shows some 

segregated Fe regions, atributed to the presence of Fe2O3, in good agreement with the XRD and 

Raman analysis.  This observa�on is also confirmed by high resolu�on TEM analysis, as shown in Figure 

3 e)-j).  TEM images of each of the catalysts (e)-g)) shows the forma�on of aggregates of small diameter 

nanopar�cles. The mean par�cle diameter and standard devia�ons were approximated from the 

images to be 5.3 ±1.2 nm (Fe-CeO2 1:2), 4.9 ± 1.7 nm (Fe-CeO2 1:1) and 3.8 ± 0.8 nm (Fe-CeO2 2:1) and 

the size distribu�on histograms are shown in SI Figure S7. Figure 3 h)-j) shows the HRTEM of each of 

the catalyst with the FFT of each in the inset of the images. The Fe-CeO2 1:2 solid solu�on confirms 

the presence of cubic fluorite ceria from the presence of the (200), (111) and (220) la�ce fringes with 

d-spacing of 0.298 nm, 0.340 nm and 0.170 nm, respec�vely.73 The inset shows four strong rings 

assigned to the (111), (200), (220) and (311) crystal planes of crystalline cubic fluorite ceria (Fm m).  

The Fe-CeO2 1:1 catalyst showed la�ce fringes with d-spacings of 0.336 nm, 0.211 nm and 0.168 nm 

which were assigned to the (111), (200) and (220) CeO2 planes. A decrease in the d-spacing for the Fe-

CeO2 1:1 catalyst compared to the Fe-CeO2 1:2 samples can be atributed to the shrinkage of the CeO2 

la�ce on an increase of Fe content.74 The d-spacing for the Fe-CeO2 2:1 catalyst, illustrated in in Figure 

3 j), shows the CeO2 (111) d-spacing further decreases to  0.327 nm, evidencing shrinkage of the ceria 

la�ce due to Fe incorpora�on. The Fe-CeO2 2:1 sample is the only sample that showed the presence 

of an Fe2O3 crystal plane with a d-spacing of 0.376 nm, which was assigned to the (012) plane of 

hexagonal Fe2O3 and further supports the Raman and XRD analysis. The FFT patern shows the 

forma�on of Fe2O3 with a hexagonal la�ce showing the (104), (012) and (110) planes.75, 76 



 

Figure 3: a)-c) SEM images of Fe-CeO2 catalyst with Fe:Ce molar ra�os of 1:2, 1:1 and 2:1, d) SEM and 

corresponding  EDX of Fe-CeO2 1:1, e)-g) TEM images of Fe-CeO2 1:2, 1:1 and 2:1, h)-j) HRTEM with 

FFT of Fe-CeO2 1:2, 1:1 and 2:1. 

 

Figure S8 a) shows the total reflec�on X-ray fluorescence (TXRF) spectra for each solid solu�on catalyst, 

which was used to further quan�fy Fe and Ce in the catalysts. The spectrum shows peaks assigned to 

the emission lines of Lα1, Lβ1, Lɣ1 and L  ɣ2 for Ce  and of Kα1 and Kβ1 for Fe. The quan�ta�ve data is shown 

in Table S1 and confirmed that molar ra�os of Fe and Ce in each Fe-CeO2 catalyst was in excellent 

agreement with the precursor ra�o used in the synthesis.   

 

2.2 Cataly�c evalua�on of Fe-CeO2 solid solu�on catalyst for oxida�ve degrada�on of polyethylene  

The Fe-CeO2 solid solu�ons were tested as heterogeneous Fenton-type catalysts in the microwave-

assisted oxida�ve degrada�on of LDPE with the aim of maximising the yield of organic acids. The use 

of microwave assisted hea�ng has many benefits over conven�onal thermal hea�ng due to the 

uniform heat transfer and rapid volumetric hea�ng which has been shown to increase reac�on rates 

and higher product yields in reac�ons involving chemical plas�c degrada�on.77, 78 While a specific 

microwave-assisted Fenton mechanism has not yet been proposed, the reac�vity under MW-assisted 



hea�ng is likely due to the use of cataly�c metals with high microwave absorbing proper�es as well as 

a polar solvent with a high dielectric constant contribu�ng to specific “hot spots” being created at 

catalyst-solvent interfaces.52, 79, 80 The degrada�on products were iden�fied and quan�fied using HPLC 

by establishing calibra�on curves for eight acid standards: succinic acid, formic acid, glutaric acid, 

ace�c acid, adipic acid, propionic acid, butyric acid and pimelic acid, shown in Figure S9 a). The 

reten�on �mes of each standard are shown in Figure S9 b) and a typical chromatogram of the 

degrada�on products is shown in Figure S9 c).  

Ini�ally, the reac�ons were carried out using typical Fenton condi�ons such as acidic solu�on (pH 1) 

and an catalyst mass loading of 10 wt. %.32, 34 A mass of 0.3 g LDPE was used along with 10 mL of a 

H2O2 solu�on 9 % (w/w). The reproducibility of the reac�ons over three reac�ons was approximated 

to be within an error of ±10 %. Figure 4 a) shows the effect of temperature and s�r speed on the 

reac�on efficiency. The mass loss for LDPE shows an almost linear response to temperature increasing 

from 20% at 150 °C to 90 % at 180 °C. The reac�on also favored high s�r speeds, atributed to the 

hydrophobic surface of the LDPE and the heterogeneous nature of the reac�ons. Op�mal microwave 

reac�on condi�ons were 180 °C for 3 h with 1900 rpm s�r speed. Figure 4 b), shows the performance 

of the Fe-CeO2 solid solu�on catalysts as well as Fe2O3 and CeO2. While both Fe2O3 and CeO2 both 

act as catalysts under these condi�ons, the combined use of Fe-CeO2 as the catalyst gave higher mass 

loss and yields, indica�ng a synergis�c effect between the Fe and CeO2. Synergis�c effects in mul�-

metal Fenton catalysts have been reported to be atributed to the presence of mul�valent ions which 

play dis�nct roles in the cataly�c mechanism.81  In the reac�on, the lower valent metal (Ce3+, Fe2+) 

nucleophilically atacks the O-O bond of the H2O2 to generate a hydroxy radical (•OH) and, the higher 

valent metal (Ce4+, Fe3+) electrophilically abstracts the H from the H2O2 genera�ng hydroperoxyl 

radicals (HO2
•)81 . The Fe-CeO2 2:1 and Fe-CeO2 1:2 catalysts had similar ac�vity with mass losses of 

81 % and 74 % and yields of 63 % and 60 %, respec�vely. They were both outperformed by the Fe-

CeO2 1:1 catalyst with a 94% mass loss and 78 % yield. The Fe-CeO2 2:1 catalyst may be less effec�ve 

due to aggregates of iron oxides disrup�ng the synergis�c effect of the solid solu�on structure. The Fe-

CeO2 1:2 catalyst may be less effec�ve due to the lower Fe content.46  

As it was the best performing catalyst, Fe-CeO2 1:1 was used to study the effect of the H2O2 

concentra�on and catalyst loading on both the mass loss and acid yield. Figure 4 c) illustrates the 

interplay between H2O2 concentra�on and catalyst loading. When using 10 wt. % catalyst loading, the 

mass loss and yield increased linearly with the H2O2 concentra�on and excellent performance was 

observed using 9 % (w/w) H2O2 with a mass loss LDPE of 94 % and an acid yield of 78 %. At very high 

catalyst loading of 30 wt. % full mass loss is observed but the organic acid yield decreases with 

increasing H2O2 concentra�on due to over-oxida�on of the acid products to gaseous reagent such as 



CO2. This indicates that catalyst system could be tuned to gaseous products which has been a strategy 

used for the destruc�on of microplas�cs. 22   

One key advantage of heterogeneous Fenton systems over homogeneous Fenton systems is their 

opera�on over a wide pH range.26 The effect of solu�on pH was evaluated for the Fe-CeO2 1:1 catalyst 

at a pH of 1, 4 and 7 and the results are shown in Figure 4 d). While a trend of decreased yield with 

increasing pH was noted, good cataly�c ac�vity at neutral pH was s�ll observed, with a mass loss of 

77% and acid yield of 55 %. The main product found for the reac�on at pH 1 was butyric acid, while 

formic acid was the main product for the reac�on at pH 4 and pH 7 indica�ve of mechanis�c 

differences in the degrada�on process. The different reac�on products under acidic condi�ons may be 

atributed to the presence of nitric acid contribu�ng to LDPE degrada�on and oxida�on through the 

forma�on radicals from HNO3 under MW irradia�on.22 Implemen�ng the oxida�ve degrada�on 

reac�on at a neutral pH is more favorable as a safer and greener reac�on protocol. Addi�onally, 

removing the use of nitric acid limits the forma�on of unwanted nitrate contaminants in the product 

mixture.21 HPLC analysis of the product shown in Supplementary Informa�on Figure S10 show a 

significant decrease in the nitrate peak intensity when nitric acid was not added to the reac�on 

mixture. A minor nitrate peak is s�ll present due to the use of nitrate stabilizers in both H2SO4 and 

H2O2.  

 

 



Figure 4: a) effect of s�r speed and temperature on mass loss LDPE (0.3 g LDPE, pH 1, 10 wt. % catalyst 

loading (0.03 g), 10 mL 9 % H2O2), b) catalyst screening at pH1 (0.3 g LDPE, 10 wt. % catalyst loading 

(0.03 g), 10 mL 9 % H2O2 (w/w), c) effect of H2O2 concentra�on and catalyst loading on acid yield (0.3 

g LDPE, pH 1), d) cataly�c results at pH 1, 4 and 7 with product distribu�on (0.3 g LDPE, 10 wt. % 

catalyst loading (0.03 g), 10 mL 9 % H2O2). 

 

2.3 Cataly�c Op�miza�on of Polyethylene Degrada�on under Neutral pH 

The Fenton cataly�c degrada�on of LDPE at neutral pH is highlighly advantageous, so these condi�ons 

were further op�mized to maximize the organic acid yield at pH 7 and evaluate the product 

composi�on. For the screening study, 0.5 g of LDPE, Fe-CeO2 1:1 catalyst with loadings ranging from 1 

– 15 wt. % were used with 10 mL solu�ons of H2O2 ranging from 5 – 15 % (w/w). Figure 5 a) shows the 

LDPE mass loss and total organc acid yield as a func�on of H2O2 concentra�on when using different 

catalyst loadings (1, 5 and 10 wt. %) under netural pH and illustrate that both catayst loading an H2O2 

concentra�on play a crucial role in determining the mass loss and organic acid yield. From Figure 5 it 

can be seen that at lower H2O2 concentra�on (5 w/w %) the mass loss increases with the increasing 

catalyst loading, yet the yield of the organic acid remained similar. As the H2O2 concnetra�on is 

increased to 10 w/w % all catalysts showed  higher mass losses and yields. The effect of further 

increases in H2O2 concentra�on was dependent on catalyst loading. When using 10 wt% catalyst 

loading under neutral pH, the mass loss and yield both decreased sugges�ng catalyst deac�va�on 

under these reac�on condi�ons. A well reported deac�va�on mechanism with increased catalyst 

loading in heterogeneous systems is catalyst deac�va�on due to  agglomera�on.82  Decreased mass 

loss and yield were not observed for the reac�ons carried out acidic condi�ons even under high 

loading condi�ons likely owing to the presence of nitric acid contribu�ng to degrada�on of the LDPE.  

 

Figure 5 illustrates that under neutral reac�on condi�ons lower catalyst loadings with higher H2O2 

concentra�ons are op�mal to the achieve simultaneous high mass loss and high organic yields. For 

example, at 1 wt% catalyst loading and 5 % w/w H2O2, the mass loss of LDPE was only 41% (19 % yield), 

but this increased to a mass of 91% and yield of 71 % using 15% w/w H2O2. Figure 5 b) illustates the 

organic acid yields and product distribu�ons as a func�on of the catalyst loading and H2O2 

concentra�on. The dominant products present at low H2O2 concentra�ons are succinic, formic, ace�c 

and propionic acid. As H2O2 concentra�ons increase, the forma�on of longer chain acids, pimelic, 

glutaric, and butyric acid is observed in the mixtures. While butyric acid was the dominant acid formed 

under pH 1, at pH 7 butyric acid was absent or only a minor conponent of the acid mixture.  



Shown in Supplementary Informa�on Figure S11, the reac�on carried out in the absence of a catalyst  

(0.5 g LDPE and 10 mL H2O2 15 % (w/w)) gave a 15 % mass LDPE loss  and 8 % acid yield. The reac�on 

carried out in the absence of H2O2  (0.5 g LDPE, 1 wt. % catalyst 10 mL H2O) gave a mass loss of 10 % 

and an acid yield of 8 %. These results show the importance of the presence of both catalyst and H2O2 

in the reac�on. 

The Fe-CeO2 solid solu�on catalysts of different molar ra�os as well as Fe2O3 and CeO2 catalysts were 

then screened again at the op�mized pH 7 condi�ons (1 wt. % catalyst loading 10 mL 15 % H2O2 (w/w) 

shown in Figure 5 c). A similar synergis�c effect was observed at pH 7 as was observed with reac�on 

carried out at pH 1. All the solid solu�on catalysts display good ac�vity, as shown in Figure 5 c) but the 

Fe-CeO2 1:1 catalyst was again found to be the best performing. The catalyst performance of CeO2 was 

rela�vely poor under neutral condi�ons (mass loss 41 %, yield 15 %). The redox cycle of Ce4+ to Ce3+ 

has been reported to form cerium-peroxide complexes (≡Ce3+-OOH) which are stable at pH 7 and 

therefore do not degrade to radicals.83 The good performance of the solid solu�on catalysts rela�ve to 

CeO2 at neutral pH suggests that when Ce is in the form of Fe-CeO2 solid solu�on structure, the cerium-

peroxide complexes are not as stable or may not form at all, another benefit of the solid solu�on 

catalyst structure. 



 

 
Figure 5: a) effect of H2O2 concentra�on and catalyst loading on mass loss and acid yield at pH 7 (0.5 

g LDPE), b) effect of catalyst loading and H2O2 concentra�on on product distribu�on at 1 wt. %, 5 wt. 

% and 10 wt. % catalyst loading, and 5, 10 and 15 % (w/w) H2O2, respec�vely,  c) catalyst screening at 

op�mised condi�ons (0.5 g LDPE, 1 wt. % catalyst loading, 10 mL 15 % H2O2 (w/w), pH 7). 

 
 
2.4 Reac�on Time Series 

A �me series was carried out to evaluate the products formed in the oxida�ve degrada�on process of 

LDPE a�er 1 h, 2 h and 3 h of reac�on �me. Figure 6 a) shows the mass loss and yield for the Fe-CeO2 

catalyst with different molar ra�os which all increase linearly with �me.  The Fe:Ce molar ra�o clearly 

plays a role in cataly�c efficiency in terms of mass loss and organic acid yield. The Fe-CeO2 catalyst 

with molar ra�o of 1:1 resulted in the highest mass loass and acid yields.  Figure 6 b) shows the reac�on 

product distribu�ons obtained from  each catalyst over the reac�on. The in�al degrada�on products 



were succinic acid, formic acid and ace�c acid and similar for all catalysts.  The forma�on of longer 

chain acids, propionic acid, and pimelic acid and small amouts of glutaric and butyric acid was observed 

in each product mixture as the reac�on proceeded. A�er 3 h of reac�on �me, the highest yields were 

obtained with the Fe-CeO2 1:1 catalyst. Interes�ngy, a larger amount of pimelic acid (18 %) was 

observed in the Fe-CeO2 1:1 product mixture rela�ve to the Fe-CeO2 2:1 (6 %) and the Fe-CeO2 1:2 (9 

%) catalysts. While the origin of the pimelic acid is not clear, it is likely due to the op�mised tuning of 

the ra�o of Fe and Ce in the catalyst. While the mechanisms are not comparable, high yields of pimelic 

acid have also previously been reported for thermal aerobic oxida�on with molecular oxygen84, and 

NOx/O2 systems.85 FTIR analysis of the LDPE a�er 1 h, 2 h and 3 h reac�on �mes is showin in Figure 6 

c) and iden�fied the forma�on of C=O and C-O groups due to surface oxida�on of the polymer from 

atack of HO• and HO2
• radicals in solu�on. The carbonyl index was measured to be 0.85, 1.78 and 4.40 

for the 1 h, 2 h and 3 h residual LDPE respec�vely. SEM images in Figure 6 d) show the physical change 

in surface texture of the LDPE with an increase in surface roughness during the reac�on. Small pore-

like structures of approximately 5 µm diameter were observed a�er  1 h of reac�on �me and an 

increase in surface roughness of the over �me is clearly observed. Addi�onally, an increase in surface 

oxygen can be observed from the EDX elemental mapping as the reac�on proceeds, correla�ng with 

the FTIR analysis. XPS analysis of the residual LDPE surface a�er 3 h of reac�on �me shown in 

Supplementary informa�on Figure S12 and showed four peaks at 284.7 eV, 285.4 eV, 286.9 eV and 

288.8 eV which were atributed to C-C, C-O, C=O and O-C=O species on the LDPE surface, respec�vely.86 

 



 
 

Figure 6: a) Time series results for Fe-CeO2 1:2, 1:1 and 2:1 catalysts (0.5 g LDPE 1 wt. % catalyst, 15 % 

(w/w) H2O2), b) product distribu�on, c) FTIR analysis of LDPE residue surface a�er 1h, 2h and 3h 

reac�on �mes with carbonyl index (CI), d) SEM of LDPE residue surface with oxygen EDX maps a�er 

1h, 2h and 3h of reac�on �me. 

 
 
2.5 Cataly�c Recyclability 
 
The results of the recyclability performance test of the Fe-CeO2 1:1 catalyst are shown in Figure 7 a). 

The catalyst was found to be effec�ve over 6 cycles with no loss in acid yield over each cycle. The 

superior recyclability performance can be accredited to the conserva�on of of  Ce4+ and Ce3+ ra�o as 

determined by XPS shown in Figure 7 b) and no signifcant leaching of the Fe. TXRF (shown in 

Supplementary Informa�on Figure S13 analysis confirmed the preserva�on of the 1:1 Fe:Ce molar 

ra�o of the catalyst a�er 6 cycles. The high recycability performance was atributed to the ability of 

the solid solu�on structure to retain the 1:1 Fe:Ce molar ra�o as no Fe sludge leaching was evident as 

it was a�er reac�ons using Fe2O3. 



 

Figure 7: a) Recyclability performance of catalyst (0.5 g LDPE, 1 wt. % catalyst, 15 % (w/w) H2O2, 3 h, 

180 °C, b) Ce 3d XPS of fresh and recycled catalyst.  

 

Due to the complex nature of the oxida�on process, Fenton oxida�on mechanisms are s�ll being 

proposed for heterogeneous systems. However, the cataly�c efficiency and recyclability of the Fe-CeO2 

catalyst at neutral pH can almost certainly be a�buted to its solid solu�on structure. Metal leaching 

from various heterogeneous iron oxide Fenton catalysts under these reac�on condi�ons is well known 

which is highly unfavourable due to metal contamina�on of the product mixture.26, 87   

 

The heterogeneous Fenton mechanism is not fully understood owing to mul�ple reac�on pathways, 

different coordina�on chemistries between H2O2 and metal catalysts and difficulty tracking the short-

lived radical complexes that form in the reac�on. However, a compila�on of the accepted general 

mechanisms for heterogeneous Fe and Ce at acidic and neutral pH are summarized in Table 1. The 

decomposi�on rate of H2O2 in heterogeneous Fenton chemistry is said to be propor�onal to the 

concentra�on of H2O2 and the surface area of the catalyst.88 The heterogeneous Fe mechanism at 

acidic pH is shown in table entry 1 and involves the adsorp�on of H2O2 on to the Fe3+ surface. This is 

subsequently followed by the forma�on of surface Fe2+ and a superoxide species owing to electron 

transfer from peroxide ligand to metal species. This leads to the forma�on of HO• radicals which can 

interact with H2O2 and undergo chain reac�ons resembling homogeneous Fenton processes. Similarly, 

at acidic pH, cerium is proposed to form Ce/H2O2 complexes shown in entry 2 which subsequently 

degrade to HO• and HO2
• by an electron transfer pathway. 

The widely accepted heterogeneous Fenton mechanism for Fe3+ (goethite) at neutral pH is shown in 

entry 3. The interac�on of the Fe3+-OH catalyst surface with H2O2 forms a stabilized H2O2 complex 



referred to as (H2O2)s. A ligand-to-metal charge transfer then results in the forma�on of and Fe2+ 

transi�on state complex which then dissociates to form a HO2
• radical. The regenera�on of Fe3+ in the 

system then leads to the subsequent forma�on of HO• radicals. In comparison, CeO2 is not as effec�ve 

Fenton heterogeneous catalysts at neutral pH due to the forma�on of stable Ce/H2O2 complexes which 

do not degrade to radicals at pH 7 shown in entry 4,  but the benefical effect between Fe and Ce, plays 

an important role in the ac�vity of Fe-CeO2 solid solu�on catalyst. 

 

Studies using in-situ electron spin resonance spectroscopy to assess radical forma�on in Fe/Ce systems 

have reported the predominantly ac�ve species to be •OH89, 90. Although the heterogeneous Fenton 

mechanism is excep�onally complex, literature has broadly defined the radical cycle in a series of 3 

simple equa�ons. The ini�a�on step (Eqn. 1) of the Fenton reac�on can generally be defined as the 

genera�on of •OH from the redox decomposi�on of H2O2 over a Fenton catalyst (Fe, Ce). In the 

propaga�on step (Eqn. 2), the generated •OH subsequently oxidises the LDPE chain which occurs 

through its own series of ini�a�on, propaga�on and termina�on reac�ons. Termina�on (Eqn. 3) of the 
•OH radical occurs when it comes into contact with the Fenton catalyst again, oxidising it and forming 
-OH as a result.91, 92  

𝐻𝐻2𝑂𝑂2 +  𝐹𝐹𝑒𝑒2+ →  𝐹𝐹𝑒𝑒3+ +  𝐻𝐻𝑂𝑂• + 𝐻𝐻𝑂𝑂− Eqn. 1 

𝑅𝑅𝑅𝑅𝑅𝑅′ + 𝐻𝐻𝑂𝑂• + 𝐻𝐻𝑂𝑂− → 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅′ + 𝐻𝐻2𝑂𝑂  Eqn. 2 

𝐻𝐻𝑂𝑂• + 𝐹𝐹𝑒𝑒3+ →  𝐹𝐹𝑒𝑒2+ + 𝐻𝐻𝑂𝑂− Eqn. 3 

Nguyen et al.37 proposed a mul�-step Fenton oxida�on mechanism of polyethylene by mechano-

cataly�c cracking, followed by C-C clevage in the PE chain. The reac�on equa�ons are described in 

Table 1 entry 5. Radicals produced from the heterogeneous Fenton mechanism form a secondary 

alcohol species. Further oxida�on by radical atack leads to forma�on of a ketone suscep�ble to further 

oxida�on via Baeyer-Villigar oxida�on to an ester group. This is followed by hydrolysis of the ester 

group to a carboxylic acid. Terminal alcohol groups can also be oxidised to a carboxylic acid. Formic 

and ace�c acid have been reported as the main oxida�on products from polyethylene.93  

 

Table 1: Redox Cycles of Fe and Ce under acidic and neutral pH and proposed mechanism of oxida�on 

of PE based on literature reports. 

Mechansim Equa�on Ref 

1. Heterogeneous Fe (acidic pH) 𝐻𝐻2𝑂𝑂2+≡ 𝐹𝐹𝐹𝐹3+ ↔≡ 𝐹𝐹𝐹𝐹3+(𝑂𝑂2𝐻𝐻) + 𝐻𝐻+  88 



≡ 𝐹𝐹𝐹𝐹3+(𝑂𝑂2𝐻𝐻) →≡ 𝐹𝐹𝐹𝐹2+ + 𝐻𝐻𝑂𝑂2•/(𝑂𝑂2•− + 𝐻𝐻+)  

≡ 𝐹𝐹𝐹𝐹2+ +𝐻𝐻2𝑂𝑂2 →≡ 𝐹𝐹𝐹𝐹3+ + 𝐻𝐻𝑂𝑂• + 𝑂𝑂𝐻𝐻−  

𝐻𝐻2𝑂𝑂2 + 𝐻𝐻𝑂𝑂• → 𝐻𝐻𝑂𝑂2•/(𝑂𝑂2•− +𝐻𝐻+) +𝐻𝐻2𝑂𝑂  

2. Heterogeneous Ce (acidic pH) ≡ 𝐶𝐶𝑒𝑒4+ +  𝐻𝐻2𝑂𝑂2 →≡ 𝐶𝐶𝐶𝐶4+(𝑂𝑂2𝐻𝐻) +𝐻𝐻+  

≡ 𝐶𝐶𝐶𝐶4+(𝑂𝑂2𝐻𝐻) →≡ 𝐶𝐶𝐶𝐶3+ + 𝐻𝐻𝑂𝑂2•  

≡ 𝐶𝐶𝐶𝐶3+ + 𝐻𝐻2𝑂𝑂2 →≡ 𝐶𝐶𝐶𝐶4+ + 𝐻𝐻𝑂𝑂• + 𝑂𝑂𝐻𝐻−  

94 

3. Heterogeneous Fe (neutral pH) ≡ 𝐹𝐹𝐹𝐹3+ − 𝑂𝑂𝑂𝑂 + 𝐻𝐻2𝑂𝑂2 ↔ (𝐻𝐻2𝑂𝑂2)𝑠𝑠  

(𝐻𝐻2𝑂𝑂2)𝑠𝑠 ↔ (≡ 𝐹𝐹𝐹𝐹2+•𝑂𝑂2𝐻𝐻) + 𝐻𝐻2𝑂𝑂  

(≡ 𝐹𝐹𝐹𝐹2+•𝑂𝑂2𝐻𝐻) →≡ 𝐹𝐹𝐹𝐹2+ + 𝐻𝐻𝑂𝑂2•  

≡ 𝐹𝐹𝐹𝐹2+ +𝐻𝐻2𝑂𝑂2 → ≡ 𝐹𝐹𝐹𝐹3+ − 𝑂𝑂𝑂𝑂+•𝑂𝑂𝑂𝑂  

95 

4. Heterogeneous Ce (neutral pH) ≡ 𝐶𝐶𝑒𝑒4+ +  𝐻𝐻2𝑂𝑂2 →≡ 𝐶𝐶𝐶𝐶4+(𝑂𝑂2𝐻𝐻) +𝐻𝐻+  

≡ 𝐶𝐶𝐶𝐶4+(𝑂𝑂2𝐻𝐻) ↛  

94, 96 

5. Oxida�on of PE 1. Heterogeneous Fenton 

𝑅𝑅𝑅𝑅𝑅𝑅′ +  𝐻𝐻2𝑂𝑂2 → 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅′ + 𝐻𝐻2𝑂𝑂 

2. Oxida�on 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅′ +𝐻𝐻2𝑂𝑂 + 𝐻𝐻2𝑂𝑂2 → 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅′ + 2𝐻𝐻2𝑂𝑂 

3. Baeyer-Villiger Oxida�on 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅′ + 𝐻𝐻2𝑂𝑂2 → 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅′ + 𝐻𝐻2𝑂𝑂 

4. Hydrolysis 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅′ + 𝐻𝐻2𝑂𝑂 → 𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹  

5a.  Oxida�on 

𝑅𝑅𝑅𝑅𝑅𝑅 +𝐻𝐻2𝑂𝑂2 → 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 + 2𝐻𝐻2𝑂𝑂 

5b.  Oxida�on 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 +𝐻𝐻2𝑂𝑂2 → 𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹 +𝐻𝐻2𝑂𝑂 

Over-oxida�on to gaseous products: 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 → 𝐶𝐶𝐶𝐶 ↑ +𝑅𝑅𝑅𝑅 

37, 96 



𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 → 𝐶𝐶𝑂𝑂2 ↑  +𝑅𝑅𝑅𝑅 

Decarbonyla�on / Radical Transfer 

 

3. Conclusions 

This work demonstrates that the microwave-assisted oxida�ve degrada�on of LDPE can be effec�vely 

tuned to obtain a mixture of carboxylic acid products limi�ng over-oxida�on to gaseous products. The 

heterogeneous Fenton process was proven successful at neutral pH which is favourable as no acid 

addi�on is required minimising undesirable side products. No pre-treatment was required for the 

LDPE, allowing for a one-step degrada�on process. The synergis�c effect, specifically the redox cycle 

of iron and cerium and the importance of tuning their molar ra�os in the system has been 

demonstrated with the Fe-CeO2 1:1 achieving the highest LDPE mass loss of 91% and organic acid 

yields of 71% at neutral pH. The excellent recyclability of the catalyst was atributed to the solid 

solu�on structure which allowed for the preserva�on of Fe and Ce in a 1:1 ra�o as well as the 

preserva�on of op�mal ra�os of Ce3+ and Ce4+ a�er 6 cycles. The main products obtained were formic 

acid as well as ace�c acid, succinic acid and pimelic acid which are all valuable polymer precursors. 

Overall, the work shows that the Fe-CeO2 solid solu�on catalyst performs excep�onally as a Fenton-

type heterogeneous catalyst, providing a valuable pathway for the oxida�ve degrada�on of LDPE to 

valuable products. 
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